The oxidation of biological molecules by reactive oxygen species can render them inactive or toxic. This includes the oxidation of RNA, which appears to underlie detrimental effects of oxidative stress, aging, and certain neurodegenerative diseases. Here we investigate the management of oxidized RNA in the chloroplast of the green alga Chlamydomonas reinhardtii. Our results of immunofluorescence microscopy reveal oxidized RNA (with 8-hydroxyguanine) localized in the pyrenoid, a chloroplast microcompartment where CO2 is assimilated by the Calvin cycle enzyme Rubisco. Results of genetic analyses support a requirement for the Rubisco large subunit, but not Rubisco, in the management of oxidized
INTRODUCTION
The oxidation of biological molecules by reactive oxygen species (ROS) can render them inactive or toxic (Holmstrom and Finkel, 2014) . While DNA, lipids and proteins have long been considered as critical targets of oxidation, recent evidence suggests roles of RNA oxidation in oxidative stress, aging, and certain neurodegenerative diseases (Wurtmann and Wolin, 2009) . For example, the translation of oxidized mRNAs generates aberrant proteins (Nunomura et al., 2009; Tanaka et al., 2007) and elevated RNA oxidation in neurons is associated with Alzheimer disease, Parkinson disease, and amyotrophic lateral sclerosis (Nunomura et al., 2009 ).
Molecular quality control systems specifically recognize oxidized molecules and subject them to repair, sequestration, or degradation (Stoecklin and Bukau, 2013) . Quality control systems have been characterized for oxidized DNA, proteins, and lipids, but not for oxidized RNA (Wurtmann and Wolin, 2009 ). However, oxidized RNA quality control may involve YB-1, Auf1 and PNPase because these proteins bind oxidized RNA and control its accumulation (Li et al., 2014) . Moreover, the intracellular location(s) of oxidized RNA quality control in eukaryotic cells have been hypothesized to include stress granules (SGs) and processing bodies (PBs) (Thomas et al., 2011; Walters and Parker, 2014; Wurtmann and Wolin, 2009 ). For SGs, this is supported by their recruitment of YB-1 and Auf1, and their formation under oxidative stress conditions when excess ROS causes oxidative damage (Bravard et al., 2010; Onishi et al., 2008; Tanaka et al., 2014) . Similarly, PBs increase in size and number during oxidative stress and they contain mRNA degradation machinery, a component of RNA quality control (Thomas et al., 2011; Walters and Parker, 2014) . While our understanding of the quality control of oxidized RNA is advancing, the precise intracellular locations are still unknown.
In the chloroplasts of plants and green algae, antioxidant systems and molecular quality control are particularly important because photosynthesis produces ROS as hydrogen Journal of Cell Science • Advance article mean level of 8-oxoG in RNA, similar to that of ΔrbcL (Fig. 3 A) . Therefore, the low 8-oxoG RNA level in ΔRBCS is RBCL-dependent and does not reflect some unknown function of
RBCS.
Exposure of the cells to H2O2 did not significantly change the mean level of 8-oxoG
RNA from wild type, ΔrbcL, or ΔRBCS (Fig. 3 A) . That these RBCL-dependent effects were detected in cells under non-stress or stress conditions supports a constitutive nature of the proposed moonlighting function of RBCL.
The moonlighting function of RBCL probably does not involve oxidized DNA because similar mean levels of 8-oxoG were detected in total DNA from ΔrbcL and the wildtype strain (Fig. 3 B) . While the level of 8-oxoG was higher in DNA from ΔrbcL than in DNA from ΔRBCS, this difference was only 1.4-fold versus 10-fold for the same comparison of 8-oxoG in RNA (described above) (Fig. 3 A) . Moreover, as stated above, chloroplast nucleoids did not IF-stain for 8-oxoG ( Fig. 1 A and C). Treatment of cultures with H2O2 increased the variability in the level of 8-oxoG in DNA between biological replicate experiments but did not increase the mean levels relative to DNA from the non-treated cultures (Fig. 3 B) . No differences in mean levels of oxidized protein were found between the wild-type strain, ΔrbcL, or ΔRBCS mutant strains, measured as carbonylated amino acid residues in total protein ( Fig. 3 C) . Therefore, our results do not support a function of RBCL related to oxidized DNA or oxidized protein.
Biochemical evidence of a Rubisco-independent RBCL pool.
Our evidence of a Rubisco-independent moonlighting function of RBCL suggests the existence of an RBCL pool that is distinct from the RBCL in the Rubisco holoenzyme. We developed a differential centrifugation scheme to separate soluble and insoluble proteins into three fractions (Fig. 4 B) : S16 has soluble proteins; P16-TS has insoluble proteins that can be solubilized by Triton X-100, e.g. membrane proteins; and P16-TI has insoluble proteins that cannot be solubilized by Triton X-100. Analyses of fractions from the wild-type strain revealed that S16 had both RBCL and RBCS, representing Rubisco holoenzyme (Fig. 4 C) . Detection of other RBCL forms in fractions of wild-type strains was hampered by contamination of most subcellular fractions by the Rubisco holoenzyme due to its extreme high abundance (Spreitzer, 2003) . For example, fraction P16-TI from the wildtype strain contained both RBCL and RBCS, presumably in the Rubisco holoenzyme (Fig. 4 C). This contamination was not a problem with ΔRBCS because it lacks the Rubisco holoenzyme, it accumulates RBCL to only 1-10% of the wild-type level (Fig. 4 A) , and it has an enhanced level of the RBCL function relating to oxidized RNA (Fig. 3 A) . Therefore, we presumed that most or all RBCL in ΔRBCS represents a pool dedicated to this function.
Analysis of fractions obtained from ΔRBCS cells revealed RBCL primarily in P16-TI and, as
expected (because this mutant lacks soluble Rubisco holoenzyme), only in trace amounts in S16 (Fig. 4 D) . The RBCL in P16-TI from ΔRBCS is not newly synthesized because this form is soluble and fractionated to S16, as revealed by 35 S-pulse-labelling (Fig. 4 E) . Furthermore, this RBCL is probably not insoluble due to membrane-association, because it was not with detergent-solubilized membrane proteins in P16-TS (Fig. 4 C and D) . These results suggest that the major form of RBCL in ΔRBCS differs in physicochemical properties from the soluble RBCL pools of the Rubisco holoenzyme and the newly synthesized protein.
Therefore, this RBCL could represent a pool of the protein that is dedicated to its function relating to oxidized RNA in the chloroplast.
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To address the possibility that the RBCL in the P16-TI fraction from ΔRBCS represents the form in cpSGs, we asked whether P16-TI has another feature of cpSGs; enrichment in the 30S subunit of the chloroplast ribosome over the 50S subunit (Uniacke and Zerges, 2008).
Indeed, results of immunoblot analyses revealed a greater proportion of the 30S subunit pool in P16-TI fractions, whereas the 50S subunit pool was not similarly enriched. This difference was observed in analyses of both ΔRBCS and the wild-type strain (Fig. 4 C, D) . However, while stress induces the recruitment of RBCL and 30S subunits to cpSGs, neither shifted from the soluble pool (S16) to P16-TI when cells were exposed to H2O2 (Fig. 4 C and D) . This result provides further support of a constitutive nature of the proposed moonlighting function of RBCL related to oxidized RNA, and raises the possibility that cpSGs are a manifestation of an RBCL-containing ribonucleoprotein particle that exists at the submicroscopic level under non-stress conditions (see Discussion).
Survival under oxidative stress inversely correlates with the level of oxidized RNA
To obtain evidence that the differential levels of oxidized RNA in the wild-type and mutant strains (Fig. 3 A) have relevance in vivo, we tested ΔrbcL for impaired tolerance to stress induced by exogenous H2O2. ΔRBCS was again used to control for the effects of Rubisco-deficiency. Cultures of the wild-type strain, ΔrbcL, and ΔRBCS were exposed to a toxic concentration of H2O2 (4.0 mM) and the percentage of live cells was monitored over 8 h (Fig. 5 A) . The results revealed that ΔrbcL cells died significantly faster than did the wildtype cells. Therefore, the elevated level of oxidized RNA in ΔrbcL correlates with impaired H2O2 tolerance. ΔRBCS exhibited H2O2 hypertolerance, measured both as cell survival (Fig. 5 A) and in a more stringent assay of viability, as the percent initial colony forming unit concentration (Fig. 5 B) . Therefore, in ΔRBCS, the low mean level of oxidized RNA and H2O2 hypertolerance are both opposite to the loss-of-function phenotypes for these traits in Our findings have potential relevance to stress granules and processing bodies. These RNA granules have been implicated in fundamental cell biological processes, but their functions and physicochemical properties are only partially understood. Our results reveal an Rubisco-independent pool of RBCL which is insoluble, a feature that might be expected of cpSG proteins because cpSGs are aggregates of RNA and protein and insolubility in Triton X-100 is a property of PB proteins (Teixeira et al., 2005) . Furthermore, the P16-TI fraction with this RBCL pool, like cpSGs, has an excess of the 30S subunit of the chloroplast ribosome Journal of Cell Science • Advance article
